. The Fold of PBCV-1 Capping Enzyme Stereo diagram illustrating the overall fold of the capping enzyme. Residue numbers are included to assist in following the path of the polypeptide chain. This figure was prepared using the program PREPPI.
additional two-stranded ␤ sheet and an ␣ helix. Domain
The crystal structure of DNA ligase revealed that the enzyme comprised two domains with a cleft between 1 contains the GTP-binding site and the active site lysine to which the GMP becomes attached during catalysis.
them. Calculations of the electrostatic surface potential (Nicholls and Honig, 1991) suggest that the DNA-binding A series of conserved motifs, which have been proposed previously to indicate a conservation of structure across site is situated in this cleft, adjacent to the ATP-binding site. In addition to consideration of the structural data, a wide family of nucleotidyltransferases that includes capping enzymes and ligases (Shuman et al., 1994) , are evidence for the DNA-binding site in ligase resulted from limited proteolysis experiments that produced two fraglocated around the GTP-binding site in domain 1 and across the cleft between the two domains. These motifs ments (Doherty et al., 1996) . One of these fragments, which retained the cleft between the domains, was able are located in similar positions in the ligase structure (Subramanya et al., 1996) . Domain 2 comprises a greek not only to bind to DNA but also to compete effectively with the intact enzyme for ligation sites. The capping key motif followed by an additional ␤ strand and an ␣ helix. The last few residues of the protein (319) (320) (321) (322) (323) (324) (325) (326) (327) enzyme also comprises two domains with a cleft between them, although this cleft is much narrower in the return across the cleft between the domains to form an amphipathic ␣ helix that packs against domain 1.
capping enzyme than in DNA ligase. This difference may The open molecule is shown in red and the closed molecule is hydrogen bonds in magenta. Distances are given in Å ngströ ms after shown in white. The molecules were fitted by a least-squares procethe residue labels. dure using C␣ positions for residues in domain 1 (residues 11-236) in each case. This figure was prepared using the program RIBBONS (Carson, 1991). reflect the difference in polynucleotide substrate specificity of the two enzymes, in which the narrower cleft of the capping enzyme is suitable for single-stranded RNA, while the wider cleft in DNA ligase is required to provide
GTP-Binding Sites of the Two Molecules
Although electron density for the bound nucleotide coaccess for the double-stranded DNA substrate. Domain 2 of the capping enzyme has a fold that differs signififactor was evident at the active sites of both molecules, even the initial MIR, solvent-flattened electron density cantly from that of domain 2 of DNA ligase, although both are derivatives of a greek key motif. The details of maps revealed that they were different. In light of these differences, we were careful to exclude these ligands the differences between the structures of domain 2 in each case are also likely to be related to the substrate from the refinement until the final stages, to prevent model bias. The difference electron density in the final specificity of the two enzymes.
The positions of the base and the ribose of the bound stages of refinement revealed that the active sites of both enzyme molecules contained GTP (Figure 4 ). While GTP are similar to those of ATP bound at the active site of ligase and involve many similar contacts with residues the density for the bound GTP was strong for the closed molecule, it was poorer in the open molecule, with the from the conserved motifs. However, the specificity of the capping enzyme for GTP over ATP seems to be density for the ␥ phosphate being particularly weak. The conformation of the triphosphate tail of each of the GTP determined by residues outside of these motifs ( Figure  2 ). The 6-oxo group of the guanine ring is involved in molecules was different (Figure 4 ). We believe that this observation is important for a consideration of the enhydrogen bonds with the side chain of Lys-188 and van der Waals interactions with the side chain of  zyme mechanism (see below). Furthermore, the unexpected discovery of two conformational states of the while the 2-amino group is involved in a rather long hydrogen bond to the main chain carbonyl of Pro-59.
GTP complex in the crystal provides direct evidence for a conformational change in the enzyme during nucleoNone of these interactions would be possible with ATP. The specificity of DNA ligase for ATP over GTP was tide binding and catalysis.
The GTP is bound in the active site of both enzyme explained by interactions between the 6-amino group of the adenine ring and a glutamate residue (Glu-32), molecules, with the guanosine base in a syn conformation buried in a hydrophobic pocket between Phe-146 that is conserved in ligase sequences, and with the main chain carbonyl of Ile-33.
(parallel stacking) and Ile-216. The ribose hydroxyls make hydrogen bonds with Glu-131 and Arg-87. O6 of Surprisingly, the two molecules of the capping enzyme in the crystallographic asymmetric unit adopt very the guanine base is hydrogen bonded to Lys-188 and makes a van der Waals contact with the edge of the different conformations (Figure 3 ). While one of the enzyme molecules has a deep, but narrow, cleft between aromatic ring of . The triphosphate chain of the bound GTP makes very few contacts with the protein the two domains, in the other molecule, this cleft is closed off as a result of a rigid body movement of domain in the open form; the ␣ phosphate is hydrogen bonded to the active site lysine Lys-82 and to Lys-234 ( Figure  2 . This movement results in a maximum displacement of 13 Å at the tip of the domain. This dramatic difference 4). Upon domain closure, the ␣ phosphate moves away from Lys-234 and hydrogen bonds to Lys-236. As a is important for the catalytic mechanism of the enzyme, and we shall refer to each of these conformations as result, the distance between the active site lysine and the ␣ phosphorus decreases from 4.0 to 3.2 Å . What is ''open'' or ''closed.'' perhaps more important is that the conformation of the (data not shown). This confirms that the nucleotide moiety was not attached covalently in either molecule. entire triphosphate moiety becomes different from that observed in the open form, with the ␤ and ␥ phosphates folded away from the active site lysine. The ⑀ amino
Formation of the GMP Adduct in the Crystals
The surprising discovery that there were two conformagroup of the lysine and the leaving group are on opposite sides of the ␣ phosphorus, which is suitable for in-line tions of the protein in the crystals led us to investigate the biochemical reasons for these differences. A close attack of the phosphorus by the lysine. The ␤ and ␥ phosphates are within hydrogen bonding distance of examination of the electron density around the bound GTP molecules revealed that there was no candidate not only Arg-106, Arg-228, and Lys-234 of the N-terminal domain, but also Asp-244, Arg-295, Lys-298, and Asnfor a bound magnesium ion in either protein molecule, even though 5 mM magnesium chloride was present 302 of the C-terminal domain. All of the oxygens of the ␥ phosphate are bound to positively charged residues during the crystallization. We attribute this to the high salt concentration required for crystallization. To overin what appears to be a strong anion-binding site.
Soaking of the crystals in harvest solution lacking GTP come this effect, we soaked the crystals in harvest solution containing a high concentration (100 mM) of mangaresulted in rapid diffusion of the GTP from the crystals, such that after two hours, the electron density for GTP nese chloride for four hours. We chose the more electron dense manganese rather than magnesium to assist in could not be observed in either of the two molecules the identification of the bound cation in the final differand residues from both domains are responsible for activation of the nucleotide through interaction with the ence electron density maps. Manganese has been shown to be as effective as magnesium as cofactor for phosphate chain. Strong interactions with the ␤ and ␥ phosphates also facilitate cleavage of the bond to the the Chlorella capping enzyme (Ho et al., 1996) .
After soaking, we examined the electron density of leaving group as the ␣ phosphate approaches the active site lysine. While this conformational activation requires the active sites of each of the two molecules. The bound GTP in the open molecule retained the same conformadomain closure and the assistance of domain 2, it is plausible that a similar phosphate conformation could tion as observed in the original structure. Furthermore, there was no evidence of a bound manganese ion in be achieved in the analogous capping reaction through interaction between RNA and enzyme. this site. However, the electron density at the active site of the closed molecule had undergone significant What other evidence is there for this large conformational change? One obvious consequence of the domain changes (Figure 4) . It was immediately evident that there was a large peak of difference electron density adjacent closure is that a number of residues in the C-terminal domain are brought into the proximity of the GTP-bindto the ␣ phosphate of the nucleotide that we interpret as a bound manganese ion. In addition, although the ing site. Mutational analysis of an aspartate residue (Asp-257) in the Saccharomyces cerevisiae capping enelectron density for the ␤ and ␥ phosphates had disappeared, there was now continuous density between the zyme (Shuman et al., 1994) has shown that this residue is required for enzyme activity in vivo. Mutation of the ␣ phosphate and the active site lysine residue. There were also subtle changes in conformation of the protein equivalent residue (Asp-400) in vaccinia virus capping enzyme resulted in an enzyme that was impaired in its side chains around the active site. All of the oxygens of the Lys-GMP phosphate are interacting with charged ability to form the GMP adduct in vitro (Cong and Shuman, 1995) . These would be surprising results if one residues; one with Lys-234 and the other two with Lys-236 and the manganese ion, respectively. This latter were only to consider the open form of the enzyme. However, the structure of the closed form of the capping interaction is the only close contact involving the manganese ion, although there are other interactions that enzyme complexed with GTP indicates a role for this residue as a result of the domain closure. The aspartate appear to be mediated by water molecules. Electron density that we interpret as a sulphate ion (based upon residue that is equivalent (Asp-244 in PBCV-1 capping enzyme) moves from a position remote from the active the environment and the height of the density peak) is now found in the position occupied previously by the site, in the open conformation, to be close to the ␤ phosphate of the GTP in the closed conformation. Fur-␥ phosphate. These observations are consistent with turnover of the enzyme to cleave the bound GTP and thermore, the closed form of the capping enzyme reveals a role for the conserved sequence motif VI, which produce the covalent guanylated enzyme intermediate. Since this change had only taken place in the closed has been shown to be important for activity (Shuman, 1996) . Two residues from this motif (Arg-295 and K-298) conformation of the enzyme, we conclude that only this form is catalytically competent. We presume that this contact the triphosphate tail of the GTP in the closed GTP complex. is due to an inability of the open form of the enzyme to bind the divalent cation that is required for cleavage of
The structures presented here suggest that the magnesium-binding site can only be formed after domain the GTP and to the differences in the conformation of the triphosphate moiety. The direct consequence of this closure. If a magnesium ion were bound at this site, then conversion of GTP to enzyme-GMP adduct would have observation is that upon binding of GTP, the enzyme undergoes a conformational change to produce the actaken place. Even though magnesium ions were present in the crystallization medium, the high salt concentration tive form of the enzyme, which is then able to bind manganese (or magnesium) ions and promote guanyappears to have prevented the binding of magnesium ions to the enzyme-GTP complex, allowing us to oblation.
serve the GTP-enzyme complex trapped in the crystal prior to cleavage. Once the complex is challenged with Mechanistic Implications a high enough concentration of manganese ions, the Examination of the structures of the two different conforcomplex is able to undergo catalysis. Comparison of mations of the capping enzyme reveals that while only the molecular surface of the open and closed forms of the open form seems wide enough to accomodate the the enzyme ( Figure 5 ) reveals that after domain closure, RNA substrate, only the closed form could be guanylmost of the GTP-binding site is blocked off from the ated in the presence of excess GTP and Mn 2ϩ ions. solvent, with the exception of an opening that could Therefore, since both reactions are catalyzed by the provide access for the incoming cation. Hence, the closenzyme, both forms appear to be required in order to ing of the protein both ensures that the GTP binds in a complete GMP transfer from GTP to RNA. The conforconformation that is ready for nucleophilic attack by mational differences between the ligands in the open Lys-82 and creates the binding site for the incoming and closed forms show how GTP is positioned optimally cation. However, after formation of the GMP adduct, for reaction with Lys-82 only in the closed form of the the enzyme must open up to provide access for the protein. A similar electrophilic activation of the ␣ phosincoming mRNA substrate, since this site is blocked off phate of ATP in the active site of tyrosyl tRNA synthetase in the closed form of the enzyme. has been suggested from model building (LeatherbarThere is some evidence that other members of this row et al., 1985). In the case of the capping enzyme, the nucleotidyltransferase family, such as DNA ligase, undergo similar conformational changes during catalysis. nucleoside moiety is fixed in a pocket on domain 1, The structural similarity between the capping enzymes latter reaction is stimulated strongly by domain 2. Furthermore, the two domains comigrate partially on gel and ATP-dependent DNA ligases was predicted from sequence alignments (Shuman et al., 1994; filtration, indicating a strong, but transient, interaction between them that would not be predicted from the Schwer, 1995) and supported by data from mutant enzymes (Heaphy et al., 1987; Cong and Shuman, 1993, crystal structure. A simple explanation for these observations is that there is an interaction between these 1995; Fresco and Buratowski, 1994; Shuman et al., 1994; Shuman and Ru, 1995) . We have shown that the strucdomains that promotes adenylation. This interaction is not evident in the crystal structure of the apo enzyme tures of DNA ligase (Subramanya et al., 1996) and this mRNA capping enzyme are indeed similar, particularly or in the complex with ATP produced by soaking the crystals in ATP and magnesium. We noted that although for residues in the region of the NTP-binding site. It is likely, therefore, that the two enzymes will also share the conditions used to prepare this complex should have resulted in adenylation of the enzyme, there was no aspects of their mechanisms. The conservation of a series of motifs that line the nucleotide-binding sites evidence of covalent attachment to the active site lysine or of a bound magnesium ion (Subramanya et al., 1996) . and also cross the cleft at the domain interface was explained in large part by the ligase crystal structure Furthermore, prolonged soaking (several days) eventually resulted in cracking of the crystals. These obser- (Subramanya et al., 1996) . More recent work (A. J. D. and D. B. W., unpublished data) has revealed that alvations are consistent with adenylation requiring a conformational change that is prevented by molecular though the entire ATP-binding site in DNA ligase is apparently contained within domain 1, and although docontacts in the crystal. It has been shown also that T7 ligase has increased resistance to proteolytic digestion main 1 is able to catalyze the adenylation reaction, the Enzymes and Ligases The side chain of the active site lysine is shown in yellow, and the The reaction pathway is the same as in Figure 6 , but the roles of nucleotide moiety (and anything to which it is attached) is shown some of the most important residues for catalysis are shown. in green. We can now propose a general mechanism for phosin this paper, while those of (e)-(g) are modeled from these data. phoryl transfer in this family of nucleotidyltransferases (Figures 6 and 7) , based upon four different crystal structures. In the first step of the reaction, GTP (or ATP in in the presence of ATP (Doherty et al., 1996) , also suggestive of a conformational change. The structures prethe case of ligase) binds to the open form of the enzyme. The binding of GTP promotes closure of the domains. sented here provide clear evidence for that conformational change in the capping enzyme, which we predict This closure is stabilized by interactions between the bound nucleotide and residues on domain 2. The domain to be similar for DNA ligases and other related nucleotidyltransferases.
closure is followed by phosphoryl transfer from GTP to produce the GMP adduct of the enzyme. The cleavage It is likely that the structures of cellular RNA guanylyltransferases will resemble that of the PBCV-1 enzyme.
of GTP breaks the linkage between residues in domain 2 and the nucleotide and thus destabilizes the closed An alignment of the sequence of the PBCV-1 protein with the sequences of the capping enzymes encoded form of the enzyme, which is then able to open up again to release pyrophosphate and expose the RNA-binding by S. cerevisiae (Shibagaki et al., 1992) , Schizosaccharomyces pombe (Shuman et al., 1994) , and Candida albisite, allowing RNA to bind to the enzyme ready for guanylation. cans (Yamada-Okabe et al., 1996) reveals conservation of a central core region of approximately 270 residues
The structures of the capping enzyme presented here confirm the similarity between the NTP-binding domains (residues 56-325 in the Chlorella virus enzyme; S. S., unpublished data). In the structures described above, of mRNA-capping enzymes and ATP-dependent DNA ligases, indicating a conservation of function for the almost every amino acid side chain of the Chlorella virus capping enzyme that makes contacts with the phosconserved motifs in both structures. The difference in conformation observed for the two GTP complexes prophates and the sugar of GTP is conserved in the cellular counterparts. These include key residues within the six vides direct evidence for a significant conformational change during nucleotidyl transfer in the capping enmotifs that define this nucleotidyltransferase superfamily, as well as residues outside of these motifs (e.g., Argzymes, which is likely to be similar in other members of this enzyme family. However, it is evident that this is not 106 and Asn-302). Residue Lys-188, which contacts the for access to synchrotron radiation facilities. We also thank H. Suthe whole story and that there are still many unanswered strate, should shed further light on this step in the en- Received February 14, 1997; revised March 26, 1997. zyme mechanism.
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